Abstract
given t moment, C (t-1) is the total inventory in the previous moment and D (t) is the atmospheric deposit in that interval. Then, the following equation is formulated, C (t) = C (t-1) + D (t) [1] Similarly, the 137 Cs activity by unit of volume, a (t), increases as follows [2] In addition, the evolution of the deposit of atmospheric 137 Cs, i.e. the existing isotope activity in the compartment decreases due to the loss of soil particles with a specific concentration, which is produced by soil erosion. If we assign E to the thickness of the soil layer that is lost per unit of time, the total inventory of 137 Cs in the compartment will decrease as follows [3] Similar to the procedure undertaken to estimate the decreases of 137 Cs inventories caused by erosion it is possible to estimate the increases of total 137 Cs activity in the compartment for the sites where there is soil deposition. Even though, in this case the increase of 137 Cs activity depends on the concentration of the radioisotope already existing in the material deposited at a certain site. This concentration will be different in function of the origin of the soil material, i.e. if it is a stable, eroded or aggraded soil. To solve this problem an approach can be to suppose that the deposited material at a site has the same 137 Cs concentration than the nearby sites. However, when the distances between sampling sites are great then the deposited material from other points do not bring this concentration value.
a (t) = a (t-1) + ( D (t) / H * Vf )

C (t) = C (t-1) ( 1 -( E / H * Vf ) )
In our model, the incorporated material is supposed to come from a short distance and therefore has the same 137 Cs concentration that the already existing in the point.
With this supposition and assigning F to the material deposited per unit of time, the 137 Cs inventory will increase in the way
In any of the former cases, the model also has a term that describes the decrease of the 137 Cs activity along with time due to its radioactive decay.
With these characteristics, the model was implemented in a simple program written in BASIC language. In the program, the values of the deposit of 137 Cs from the atmosphere are also included. The values of the annual fallout of 137 Cs on a site depend on physiographic and climatic factors like latitude and annual rainfall. The 137 Cs deposition on the surface is known in detail in certain parts of the world (e.g. Blagoeva & Zikowsky, 1995) . At medium latitudes in the Northern Hemisphere, the deposition shows a similar temporal evolution for 90 Sr and 137 Cs (Ritchie & McHenry, 1990) . It can, therefore, be a fair approximation to assume that the same evolution should be adjusted to the existing points of reference, although the absolute values were according local climatic characteristics. According to that reason we have chosen a temporal evolution for 137 Cs deposition described by Ritchie and McHenry (1990) , modifying the absolute values by a multiplicative factor in order to adjust the predicted total inventory from the point of measurement. This factor is such that the corrected values bring total inventories at the reference sites, where there is not deposit or erosion, like those measured at the experimental reference sites.
The functioning of the programme considers monthly temporal intervals. In each of these intervals the 137 Cs activity develops according to the three already mentioned processes. These processes are the atmospheric deposition with distribution in the compartment, ground erosion or deposit and the radioactive decay that are included in the program according to the reported equations. The program calculates the total charge and the concentration of 137 Cs existing in the compartment from the year 1954 to the year of sampling collection. The sampling collection was made on three transects along the slopes of the study area (Quine et al. 1994; Navas et al. 2005b ). The slopes are South, East and West orientated. Of the total selected sites on the slope transects, 16 were cultivated soils.
Material and methods
Experimental profiles
Soil cores were collected by using an automatic core driller and sectioned at 5 cm depth intervals (Navas et al., 2002a) . In general, the average sampling depth above the rock outcrop was 40-45 cm. Samples were air-dried, ground and passed through a 2 mm sieve. The weights and densities of the two fractions < 2 and > 2 mm (fine and coarse material) were determined. Once homogenized, 50 g of the < 2 mm fraction were taken to standardize geometry plastic containers for measuring 137 Cs concentration.
The 137 Cs activities were measured using a high resolution, low background, coaxial gamma-ray detector of hyperpure germanium coupled to an amplifier and multichannel analyser (Quindós et al. 1994; Navas et al. 2002b; Remondo et al. 2005 ).
The efficiency of the detector was 20%, with 1.86 keV resolution (shielded to reduce background) and was calibrated using standard samples in the same geometry as the measured samples. Gamma emissions of 137 Cs (662 keV line in mBq g -1 air-dry soil)
were measured for 267 samples. Counting time was 30000 s and the analytical precision of the measurements was approximately ± 10%. A similar procedure was undertaken at stable sites that were not affected by erosion or deposition ( Figure 1 ). These sites were used as reference inventories for the area and the inventory value was 157 ± 8 mBq cm -2 .
Applying the model
The soil depth distribution of the 137 Cs inventories allows discriminate between cultivated and uncultivated soils. The latter are characterized by rapidly decreasing inventories with depth and the radioisotope is found until 25 -30 cm deep (Navas and Walling, 1992) . In contrast, the cultivated soils present very homogeneous 137 Cs profiles until the depth of cultivation, due to the mixing of soil by tillage. In general, below the tillage depth 137 Cs inventories are almost zero. In cultivated soils the 137 Cs profiles are in general longer and the depth to which 137 Cs is detected exceeds 10 -15 cm that in uncultivated soils.
Along the transect slopes of cultivated soils, a total of 11 sites had inventories lower than the reference inventory for the study area, indicating that they are erosion sites. Other 5 sites had inventories higher than the reference for the area and therefore correspond to deposition sites ( Figure 1 ). The profiles presented in Figure 1 are a selection of profile types found along the slopes of the study area of Carrodilla. Stable sites are those where no erosion or deposition occurs, these sites are used as references for the area they are almost flat, covered with natural vegetation and remain unaltered.
Deposition profiles are those where material coming from other sites is accumulated.
The 11 eroding sites have total inventories between 32.2 and 128.9 mBq cm -2 .
Their depth profiles are constant until the depth of cultivation which is between 15 and 40 cm. Below this depth, 137 Cs is almost un existing. The depth distribution of the 137 Cs concentration follows a similar pattern and their average values range between 1.4 and 5.5 mBq g -1 ( Table 2 ).
The proposed model was used to estimate the erosion rates in these eroding sites.
For each site, the model runs with the H value (the depth of cultivation) which is clearly marked by the depth distribution of the radioisotope. In addition, the values of Vf (volume fraction) and the density of the fine fraction are also introduced in the model.
The values of Vf range between 0.54 and 0.92 and the density of the fine fraction varies between 0.68 and 1.5 g cm -3 . With the referred values, several values of E, the erosion rate, in cm/month, were tested until the value of E that agrees with the total inventory at the site is found. Then, the average concentration in the soil profile coincides with the measured value at the site. From the estimated value, the annual erosion rate is calculated in Mg per ha using the value of the density of the fine fraction. (Table 3) . As in the case of the eroding profiles, the important effect of both the depth of tillage "H" and the stoniness content that determines the volume of fine soil on which 137 Cs is fixed are the reason of the lack of proportionality between the 137 Cs gain and the soil deposited at a site. Figure 3 presents some examples of the 137 Cs depth profiles found experimentally and modelled.
Discussion
It is of interest to compare our model with other models that are currently used.
Among the models that relate the 137 Cs loss with that of soil in cultivated lands are the proportional models, including the gravimetric approach and the mass balance models.
The proportional models assume a linear relationship between the decrease in the 137 Cs inventory in comparison with the reference for the area and the erosion rate. This relationship is used in its more simple way by de Jong et al. (1983) and Kachanosky (1987), and it is slightly modified in Martz and de Jong (1987) . Chappell et al. (1988) also follow this approach although they introduce an additional factor that provides smaller erosion rates than the calculated ones.
In the gravimetric approach by Brown et al. (1981) in Lowrance et al. (1988) and Fredericks and Perrens (1988) , these authors apply an approach slightly different that uses the average concentration and not the depth of cultivation. The linear relationship assumed in the proportional methods does not consider the fact that the 137 Cs lost depends on the concentration of the radioisotope in each moment. Consequently, the same erosion rate produces higher loss of 137 Cs in time intervals in which the concentration of 137 Cs is higher than when it is reduced by erosion of the soil.
In order to take into account the fact of the different loss of 137 Cs with time, the mass balance models were proposed. These models calculate the temporal evolution of the 137 Cs inventory. The loss of 137 Cs due to erosion is differently expressed in the various models. In Kachanosky and de Jong (1984) this loss is approached as the product of the erosion rate by the 137 Cs concentration in spite that the latter is not calculated. Zhang et al. (1999) relate the thickness of the soil layer that is lost annually with the thickness of the tillage layer. Kachanosky (1993) establishes a relationship between the erosion rate and the massic thickness of the soil. Moreover, Walling and He (1999) introduce a term that takes into account the selectivity of the 137 Cs transport associated to the size of the soil articles.
In the model proposed in this work the erosion rate is expressed as a product of the thickness of soil lost by the 137 Cs concentration, which is estimated for each time interval. To this respect is a mass balance model that takes advantage of the knowledge of the concentration of the radioisotope. In addition, the model acquires reliability 13 because it also uses the depth of cultivation that is previously known by the depth distribution of the radioisotope.
It is of interest to highlight the use of the depth of cultivation in our model. In most models this parameter is a constant value derived from the general knowledge of the tillage practices in the study areas. This is reasonable when the areas under study have homogeneous tillage practices maintained through the time. However in many
Mediterranean regions, heterogeneity of both terrain and tillage practices is common.
Furthermore, as in our study area the depth of cultivation varies depending on the steepness of slopes, thus deeper tillage practices are undertaken in gentle slope fields.
Other important factors of variation are the changes that were introduced in land management. Thus, tillage depth was in general 40 cm but more recently minimum tillage practices following the establishment of better management practices has reduced considerably the depth of cultivation that varies from strictly shallow tillage (5 cm) till 20 cm. Under these changing conditions and due to the main role of the depth of cultivation in the models, it is necessary to use the experimental 137 Cs depth profiles measured at sampling sites.
Together with H, another very important factor is the volume that the fine fraction (< 2 mm) occupies in relation to the total volume of the soil sampled. In Mediterranean soils as these under study, the stoniness is a main soil property that notably influences the erosion process (Govers et al., 2006) . Therefore, it is necessary to include a parameter for describing the stoniness because the stone content affects greatly the distribution of 137 Cs within the soil depth profile, and as consequence can modify the rates of erosion quantified by the different models.
Erosion and deposition rates estimated with our model compare well with estimates obtained by using other mass balance models based on fallout 137 Cs. Zhang et al., (1990) and .
Previous experience in similar environments (Navas and Walling, 1992; Navas et al,. 2007 ) demonstrated that influence of stoniness is very important. Sites that had similar total inventories presented different 137 Cs depth distributions. The inclusion of the volume fraction to determine that part on which the radioisotope is fixed can help to overcome this problem. This is of great importance for Mediterranean soils that are in general very stony. This character also has an effect on the most suitable interval for sectioning the soil profiles. To obtain unaltered subsamples, the sectioning of stony soils has to be done at 5 cm depth intervals as smaller thickness may produce soil disturbance when extracting the stones between intervals (Navas et al., 2005a).
Conclusions
To estimate the soil redistribution based on fallout 137 Cs measurements the proposed model has as main characteristic that it runs with parameters obtained simply from experimental measurements in soil profiles. It is a simple model that uses generic data of 137 Cs fallout modified by a local factor of deposition that agrees with data of the reference deposit measured. The model uses weights, volumes and densities calculated from the soil samples. The depth of cultivation is also a known parameter obtained from the depth distribution of 137 Cs at a site. 137 Cs profiles at representative eroding sites in the slope transects studied.
3. Measured (exp) and simulated (mod) 137 Cs profiles at representative deposition sites in the slope transects studied. Table 2 . Values of the input parameters for the model; measured (exp) and simulated (mod) and 137 Cs concentrations (C) and inventories (I) and rates of erosion (E) estimated at the 11 eroding sites. 
